Traditional fish burgers are made mostly with added starch but fail to meet consumer expectations of eating quality characteristics. Improved formulations, however, can offer a new marketing position in the area of processed fish products. Promising functional ingredients that can improve organoleptic properties include milk protein, citrus pectin, and bovine gelatin. The large deformation properties of these burgers were identified using compression testing and specific attributes were related to the overall acceptability of the product on the basis of a hedonic scaling method. The quality of the burgers was further manipulated by introducing additional ingredients to the formulation, e.g., soya protein, k-carrageenan, frozen vegetables, and dried fruits. Distinctive upper and lower bounds of the values of hardness, firmness, adhesiveness, and the ratio of inflectional to maximum stress were defined in relation to optimum sensory acceptability of the product.
INTRODUCTION
The Sultanate of Oman occupies the eastern corner of the Arabian Peninsula and is surrounded by three seas (Arabian Sea, Gulf of Oman, and Arabian Gulf). Marine fish resources of the Sultanate are considerable and diverse due to its coastal tropical habitats (e.g., coral reefs, mangroves, and seagrass beds), a huge exclusive economic zone (300,000 km 2 ), a wide climatic spectrum, and its distinctive geographic location in the upwelling region of the Northwestern Indian Ocean. [1, 2] The fish stocks of Oman constitute the main long-term renewable resource after oil. A total of 1142 fish species have been identified, which are distributed among 520 genera and 164 families. [3] Annual fish production has averaged about 120,000 metric tons (MT) during the last decade. Traditional fisheries constitute about 85% of the total fish production with the remaining 15% harvested by industrial fisheries. [4, 5] Major fish groups include large pelagics (kingfish and tunas), small pelagics (primarily sardine), demersal fishes (e.g., groupers and sea breams), crustaceans (shrimps and lobsters), and molluscs (abalone). [6] A substantial portion of fish harvest is exported via primary processing as fresh, chilled, frozen, salted, and dried into the Gulf countries, Europe, USA, and Japan. Fish export has increased from less than 20,000 MT in 1985 to about 60,000 MT in 1995. [2, 7] The Sultanate of Oman has been blessed with great variety of coastal habitats that are home to an even greater diversity of animal and plant life. Fish exports are considered to be a significant earner of foreign exchange to the national economy, ranking second after oil exports and first among the nonoil exports. In 2000, 46,409 t of fish were exported to around 60 countries valued at US $96 million. Oman fish exports represented around 23.6% of the total Arab fish exports in 2000. The main outlets in terms of quantity exported and value have been the GCC markets, followed by Asia and then the EU markets. EU imported around 8% of the total quantity, which represents 12% of the total value of fish exports in 2000. [2] Nevertheless, at present, most of Oman's current exports are targeted towards medium and downscale markets because of the inability to improve quality via secondary processing of the raw material. The value of such an important commodity would be tripled if converted into a value added product and exported to the lucrative markets of Japan, EU, and the United States. In the local market, similar concerns have resulted in considerable levels of waste or utilization of the landings in low value fish and animal feed. However, demands for marine resources will continue to increase in the future to match the ever-increasing population locally and internationally. It has been argued that, in developing the fisheries industry, maximum socio-economic benefits will come from a concentration of efforts in high value marine resources rather than in high volume low value resources. [8, 9] This should be achieved through proper harvesting, handling, processing, and marketing of raw fish and fish products. It is clear from the above, that the continuous development of food products constitutes a large part of the advance of the welfare of a country and contributes many benefits to the life of the average consumer. This is more apparent than ever in the fast growing economies of the Arabic Region where it is necessary for manufacturing companies to introduce fish products locally and internationally if they are to expand sales, profits, and achieve organic growth. In support of this undertaking, increasing consumer awareness of the positive health implications of a diet rich in fish guarantees demand for highly marketable fish products [10, 11] which, as we shall demonstrate, can be prepared with inexpensive fish resources. The present investigation is part of a large exercise, which aims to demonstrate innovation and fundamental understanding of the processes determining texture and consumer acceptability in the development of fish products.
BIOLOGY AND LANDINGS OF CROAKER IN OMAN
The fish used in this investigation was Spotted Croaker, Protonibea diacantha, belonging to the family Sciaenidae (Croakers, Drums, and Meagres). [12] Croakers are carnivorous, feeding on a wide range of benthic fish, crustaceans, and other invertebrates. It is a relatively large species attaining lengths up to 150 cm. The spotted croaker has a wide distribution and is found from southern Japan and China south to Queensland and west along the southern Asian continent to the Arabian Gulf and the Arabian Sea. It is a shoaling species found from shallow coastal waters to depths of 200 m. Within its range it is caught with bottom trawls, gillnets, and handlines. Studies on related species in Omani waters indicate a spawning period from April to May. June marks the end of the spawning period and June/July should be considered as the post egg-laying period. The resting period occurs from August to February. Gonads are growing rapidly during March, which should be considered the maturation period. [13] Traditional fishery constitutes an important sub-sector of the industry and in the last ten years it brought in an annual landing that remained steady between 1400 and 2300 MT of croaker. In contrast, the landings of the commercial sector have been on the increase during the period 1991-1997 when they reached 3300 MT. This declined sharply after 1997 when landings dropped to 520 MT in 2000 as a consequence of a closed season imposed by the Ministry of Agriculture and Fisheries on the trawlers in 1998.
EXPERIMENTAL

Materials
Besides fish meat, which constituted most of the burger formulation, the following ingredients were added to demonstrate quality control of the end product: (i) corn starch with less than 13% loss on drying and 0.3% ash on dry basis (Nabisco, Hammam-Lif 2050, Tunisia); (ii) a commercial milk concentrate traded under the name Rainbow (Friesland Dairy Foods, Leeuwarden, Holland). It contains 26% protein, 37% lactose, 28% milkfat, 3.0% moisture, 0.20% soy lecithin, 4.80% minerals (exc. calcium) and 0.90% calcium; (iii) a soy isolate containing about 88% protein (Oman Fisheries Co., Muscat, Oman); (iv) a gelatin extract commercially available as Davis Gelatin (Leiner Davis, Christchurch, New Zealand) comprising: 88% protein, 7% moisture, and 5% minerals; (v) GRINDSTED pectin LA 410 manufactured from citrus peel and standardized with sugars (Danisco, La Forest-Landerneau, France). The degree of esterification and amidation is 29% and 20%, respectively, maximum loss on drying 12% and acid-insoluble ash about 1%; (vi) GRINDSTED Carrageenan CC 265 supplied by Danisco with a maximum moisture content of 12%, acid insoluble matter of 2% and standardized with sugars; (vii) dried apple, dates and apricot, and frozen garden peas, diced carrots, corn kernels, and cut green beans (Dat-Schaub, Copenhagen, Denmark); (viii) garlic powder, traditional Omani spices, black pepper, monosodium glutamate (MSG), sucrose, polyphosphate, table salt, calcium chloride, potassium chloride, and ice water.
Methods
Burgers were prepared as follows: Fish was headed, gutted, and visceral mass was removed. Gutted fish was filleted mechanically or with knives. Fish fillets were first chilled at 2 C usually for 2-3 h and then frozen for a week to imitate a commercial production process. One of the outcomes of this treatment is to harden the flesh, which improves the structural properties of fish meat in the final product. Following storage, fillets were minced using crushing and fine cutting with a chopper to yield homogenized mince. Preparations were made by blending appropriate amounts of fish meat with starch and/or milk powder, dry soy, vegetables, fruits, condiments, sucrose, etc. Gelatin was added as a solution prepared by heating up to 60 C and stirring for 20 min. Pectin and k-carrageenan were dissolved at 90 C using stirring for 30 min followed by addition of stoichiometric amounts of CaCl 2 and trisodium citrate sequestrant for the former and 30 mM KCl for the latter. The homogenous mixture was stuffed in a manually operated machine for pressing thus producing firm and free from air burgers of 90 g weight, 11 mm height, and 10 cm diameter. These were stored under conditions of domestic freezing (À20 C) using vacuum packaging.
Changes in instrumental textural properties as a result of adding different ingredients to the control formulation were investigated. The technique of large deformation compression testing was employed by loading the burgers onto the platen of a TA.XT2 Texture Profile Analyser (Stable Microsystems, Godalming, UK). Burgers were compressed to 90% of the original height at a compression rate of 0.1 mm/s at ambient temperature (23 C). Figures were drawn taking into account the surface area of the cylindrical samples (stress is given in Pa on the ordinate) and the large extent of deformation by deriving the ''true'' units of strain from the mathematical expression: " ¼ ln (L O /L), where L O is the original height and L is the height of the sample during compression. [14] Four measurements were performed on each formulation and the mean value was used in the data analysis.
Regarding the sensory evaluation, fish burgers were fried, as for the textural analysis, at a constant temperature using a shallow fryer for about 5 min thus ORDER REPRINTS achieving a light golden color on the product. Samples were cooled to ambient temperature before serving to the sensory panelists. Taste panels were carried out using untrained panelists drawn from consumers unfamiliar with the study. To achieve a valid testing process, bias was eliminated as follows: (i) a controlled presentation of the sample was maintained by placing randomly numbered products in a white paper plate; (ii) a glass of mineral water and bland biscuit were served to clear the mouth between evaluations; (iii) physical variability such as cooking time and temperature, serving temperature, room light, etc., was controlled.
RESULTS AND DISCUSSION
Basic Formulations of Fish Burgers
Burgers or sausages are made from raw fish fillet or mince. Its proportion among the components of the formulation depends on the market requirement and type of fish thus varying, for example, from 70% tuna and 50% shark meat to 30% whale red meat. [15, 16] We opted to use in our preparations the meat of Spotted Croaker, which is readily available in the Arabic Region. Furthermore, this is a rather inexpensive resource (about 0.8 US $ per kilo of raw fish), as compared to the highly marketable kingfish, tuna, emperor, etc., which can fetch five times as much in the market.
Color, yield, and proximate analysis of the meat of Spotted Croaker was carried out thus obtaining background information for the subsequent development of the end product. A piece of fresh meat was placed on the flat plate of a Minolta Chroma meter, which was calibrated with a white standard. At least 10 measurements were recorded and expressed in Hunter L values in which L is the lightness or darkness according to the scale: black, L ¼ 0; white, L ¼ 100. [17] An L value of 62.3 AE 1.7 indicates that our material possesses a pleasant white-red color. Yield was also satisfactory thus allowing us to utilize 43.5% AE 2.5 of the fish as prime meat. Proximate analysis of this meat produced the following composition: 68.2% AE 3.0 water, 19.2% AE 1.2 protein, 8.0% AE 0.9 fat, and 2.4% AE 0.6 ash. Clearly, the flesh of Spotted Croaker is a good protein provider. Fat levels are also considerable, an outcome that should be advantageous in view of the presence of omega-3 fatty acids, which are believed to have beneficial effects in reducing the risk of coronary disease. In this respect, a high content of omega-3 fatty acids is expected in fish flesh enriched with fat. [18, 19] Traditional burger formulations are based exclusively on minced or filleted fish with some addition of preservatives, e.g., polyphosphates, which reduce drip loss especially in products made from thawed frozen fish. [20] Condiments can be added to taste as indicated in formulation A in Table 1 . As the industry expanded, corn flour/starch was introduced to enhance cohesion of products made increasingly from a mixture of prime and inferior cuts of minced fish (formulation B in Table 1 ). Clearly, our first task was to evaluate the acceptability of these products with consumers drawn from a wide range of individuals. The subjective assessment was performed once the panelists became familiar with the attributes of flavor (from excellent to extremely bad), chewiness (from very tough to very soft), texture (from fibrous to rubbery), and moistness (from very dry to very juicy). To give an example, over toasted chicken and raw salmon would fit the bill for very dry and very juicy foodstuffs. A seven-point category scale was finally created where the overall acceptability of the product was anchored with suitable words at the low, intermediate, and high ends. This form of the test asked the participants to provide numerical ratings for the perceived product describing the strength of their liking or disliking (1: very undesirable; 7: very desirable). In doing so, we confirmed that the single fish and the fish/starch samples scored on average 3.93 AE 0.25 and 3.75 AE 0.16 (standard deviation), respectively. This result, of course, argues that there is room for further improvement in formulations, an issue which we are going to pursue in the following section.
Effect of Hydrocolloids on the Organoleptic Properties of Fish Burgers
Proteins and polysaccharides are food hydrocolloids which are used widely to modify the texture, functional properties, and stability (thermal, mechanical, storage, etc.) of many processed foods. [21, 22] In the case of fish products, interactions of the fish protein with added hydrocolloids may lead to phase separation or synergistic phenomena that would determine the quality and acceptability of these products. As reproduced in Table 1 , hydrocolloids were introduced to formulations (C À J ) to improve texture and mouthfeel. Before the main study, however, we ensured that prepared burgers had a reproducible quality by storing them at conditions of domestic freezing (À20 C) and sampling for texture at weekly intervals for up to four months. It was confirmed that the physical properties of, for example, hardness/yield stress and brittleness/elasticity remained very consistent and sufficient reproducible within a 10% margin (data not shown). Thermodynamic stability among structure-forming food macromolecules is critical for the ultimate success of a product in the market. [23] Figure 1 shows the compression testing profiles of selected fish burger formulations following shallow frying and compression at ambient temperature (23 C) at a rate of 0.1 mm/s. Denaturation of fish muscle during cooking increases the mechanical strength of the gel, as indicated by the elastic profile of formulation A. Myosin is reported to be the main protein denatured during heating primarily through aggregation of the hydrophobic heads which fuse and lose their identity. [24] However, the shape of the rest of the filament is maintained within the network showing an axial periodicity of about 35 mm. This type of interaction between the filaments has a bearing on the large deformation properties of the network, which acquires the ability to stretch extensively shown in Fig. 1.  Figures 2-5 summarize the sensory profiling of our formulations in relation to selected textural attributes. Hardness, for example, was defined as the maximum force that occurs at any time during compression. [25] It occurs as fracture when the gel breaks rather catastrophically or the sample is flattened and deformed (formulations B and I in Fig. 1, respectively) . Clearly, the long texture of a simple fish burger is not desired by the panelists which, as mentioned earlier, profiles a low sensory score ($3.93). Addition of starch imparted strong gel-like properties to the sample, which produced a clear maximum in the values of yield stress upon compression (Fig. 1) . Cooking of starch is accompanied by increase in viscosity due to the swelling of granules and the continuous leaching, entanglement, and association of amylose molecules. [26] Thermodynamic incompatibility between the polymer and fish proteins should enhance further the rigidity of the continuous starch matrix thus producing firm burgers. Based on the desirability score, however, these are not favored by the panelists ($3.75).
Soya has an appealing nutritional profile (cholesterol-free, low fat) and with its competitive price was considered as an ingredient in our formulations (C ). The protein has found certain positioning as imitation meat and cheese product in the international market. [27] Addition of soya to our products maintained a strong network that can stretch extensively before deforming (Fig. 1) . The long texture of the soya gel is due to the formation of disulphide bridges upon thermal denaturation. These facilitate cross-linking between corpuscular strands thus building up a threedimensional structure of globular proteins. [28] It appears, however, that the firm and elastic properties of the soya burger are not palatable with the consumer (sensory acceptability score of $3.86), in parallel with results on the fish and starch formulations.
In an effort to improve hedonic acceptability, soft gels were prepared by introducing 1.7 parts of bovine gelatin per 100 parts of fish fillet to our formulation (E ). The protein is a linear molecule whose cold-set gelation involves the formation of a triple helix as a junction zone. The ordered junctions zones constitute the structural knots of the network and are linked together by soluble, disordered regions. [29] Unlike starch, the triple helix does not associate further to form multistranded particles. In the absence of these aggregates, a soft structure is obtained with the value of hardness in Fig. 1 (101 kPa) being two-to-three times lower than those discussed in the work of the foregoing sections. In the sensory analyses reported, for example, in Fig. 2 it is indicated that the alteration in texture had a positive effect on the acceptability of the product by the taste panelist ($ 4.53).
It was clear to us that further advances could be made by developing textures intermediate between the upper bound of formulations B and C, and the lower bound of formulation E. This was achieved by incorporating low methoxy pectin from citrus peel with a degree of esterification of 29% (F ) and a milk concentrate (I ) to our work ( Fig. 1 and Table 1 ). Upon compression, both types of burgers exhibited a relatively short structure (strain at break < 1 unit) and intermediate values of hardness (about 130 kPa). Pectate gels were formed by adding 5.05 mM Figure 1 . Force-deformation data of cooked fish burger formulations indicated by the individual traces and detailed in Table 1 . Products were compressed at ambient temperature (23 C) with a rate of 0.1 mm/s. An example of the derivation of the ratio of inflectional stress to yield stress (S i /S y ) is given by the trace of formulation B.
calcium ions, which correspond to 100% stoichiometry of the total carboxyl content of the polymer. Cations screen the negatively charged groups of the polyelectrolyte thus leading to the formation of junction zones with the molecular appearance that fits the term ''egg box'' binding. [30] Milk protein, on the other hand, denatures upon cooking followed by formation of a network of globular associations that phase separate from starch. The proteinacious structure is capable of forming a continuous matrix that imparts favorable organoleptic properties to the product. [31] This is confirmed by the taste panelists who assigned a desirable eating quality score of about 5.25, which is commensurate to a commercially interesting formulation.
CONCLUDING REMARKS
The influence of biopolymers on the hardness of shallow fried burgers is shown in Fig. 2 . In the case of formulation A, the value of hardness (42.8 kPa) was taken at an arbitrary chosen strain of 0.3 units due to the sigmoidal development of the stress-strain profile in Fig. 1 . Results argue that the yield stress range of 120-150 kPa facilitates optimization of the eating quality in the product. The firmness of a sample relates to the initial slope of the force-deformation curve and in this study it was taken to be from 0 to 0.02 units of strain, i.e., within the linear viscoelastic region. [14] Optimum firmness was detected below 1.1 N/mm and in particular between 0.9 and 1.1 N/mm in Fig. 3 . Thus burger D made of k-carrageenan in the presence of 0.224 g or 30 mM added KCl was judged to be too firm and hard for this exercise.
If the material is at all sticky or adhesive, the force of decompression becomes negative and the area of this negative peak is taken as the measure of the adhesiveness of the sample. As shown in Fig. 4 , maximum consumer acceptability of the product centers around the adhesiveness values of 0.3-0.4 N mm. Milk concentrate formulations with acceptable adhesiveness included those with vegetables, dried apricot, and dried apple (G, H, and I, respectively). The ratio of inflectional stress to yield stress (S i /S y ) characterizes the flow pattern of a sample following the first breaking and compliments the value of hardness in elucidating the long-range properties of the material (Fig. 1) . Evaluation of the stress ratio in Fig. 5 produced best results between 0.75 and 0.85, values which lie intermediate between the abrupt breaking profile of gels (S i /S y < 0.5) and the plastic deformation of dairy spreads (S i /S y $ 0.9 to 1.0).
Finally, it was found that the textural/sensory attribute of brittleness, which is obtained from the first significant drop in the curves of Fig. 1, did Figure 5 . Handshaking the ratio of inflexion stress to maximum stress obtained from compression testing with overall sensory desirability for the burger formulations of Table 1 (error bars indicate one standard deviation).
significantly the perception of taste panelists (results not shown). Thus values of about one unit of deformation were recorded in desirability scores as apart as 4.0 and 5.25 (formulations D and I, respectively). This outcome may also be notable for future food product development.
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